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Notch and EGFR signaling pathways play important roles in photoreceptor differentiation during Dro-
sophila eye development. Notch signaling induces Enhancer of Split (E(spl)) proteins to repress atonal
(ato) expression and restrict R8 photoreceptor cell fate. The R8 precursors express rhomboid (rho), which
is required for the release of active EGFR ligand to activate EGFR signaling in surrounding cells for the
subsequent stepwise recruitment. However, it is not clear about the mechanisms of transcriptional
regulation of rho and how the lateral inhibition of Notch signaling and rho expression are coordinated. In
this study, we show that inactivation of Groucho (Gro), an evolutionally conserved transcriptional cor-
epressor, inhibits Ato upregulation, delays R8 determination, and promotes differentiation of R2-5 type of
neurons. We demonstrate that these phenotypes are caused by a combination of the loss of Notch-
mediated lateral inhibition and the precocious activation of EGFR signaling due to deregulated rho ex-
pression. Blocking EGFR signaling by Pnt-RNAi in conjunction with Gro-inactivation leads to lateral in-
hibition defects with deregulated Ato expression and R8 differentiation. We further show that in-
activation of E(spl), which are the Gro binding transcription factors, causes deregulated rho expression
and extra R8 cells within and posterior to the morphogenetic furrow (MF), and that E(spl) mediates the
binding of Gro to the regulatory regions of both rho and ato genes in eye disc cells. Our results suggest
that Gro inhibits rho expression in undifferentiated cells and represses the expression of both ato and rho
in non-R8 precursors during initiation of photoreceptor differentiation in an E(spl)-dependent manner.
The latter function of Gro provides novel insights into the mechanism that coordinates R8 speciﬁcation
with the restriction of initial rho expression to developing R8 cells.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
The development of multiple organs in Drosophila such as the
eye, the adult femoral chordotonal organ, and the embryonic
chordotonal stretch receptor involves the initial selection of neu-
ronal precursors by lateral inhibition and the stepwise recruitment
of additional neurons through EGFR signaling. Proper recruitment
requires locally activated EGFR signaling, which is achieved by
restricting the expression of rhomboid (rho), the rate-limiting
component of EGFR signaling (Freeman, 1997; Freeman, 2008;
Shilo, 2005), to the initially selected neuronal precursors. How the
selection of the initial neurons by lateral inhibition and the re-
striction of rho expression are coordinated is not known.
During Drosophila eye development, a morphogenetic furrow
(MF) initiates at the posterior tip of the early 3rd instar eye disc
and moves anteriorly. Cells in the MF are arrested in the G1 phaseof the cell cycle and initiate photoreceptor differentiation. Photo-
receptor differentiation in the Drosophila developing eye initiates
with upregulation of the proneural protein Atonal (Ato), which is
progressively restricted in the MF to clusters of cells and even-
tually to single R8 precursors, which also express the sensory
marker Senseless (Sens) (Frankfort and Mardon, 2002) (Fig. 1A).
Enhancer of Split (E(spl)) proteins, which are HES (Hairy/Enhancer
of Split) family of transcription factors induced by Notch signaling
activation, are required to mediate lateral inhibition and speciﬁ-
cation of the R8 precursors (Li and Baker, 2001; Turki-Judeh and
Courey, 2012). Although R8 cell fates do not require EGFR, acti-
vation of EGFR signaling in cells surrounding the R8 precursors is
required for the recruitment and differentiation of all the sub-
sequent photoreceptors and accessory cells in each ommatidia
(Freeman, 1997). Interestingly, precocious activation of EGFR sig-
naling in eye discs suppresses Ato expression and R8 cell fates
(Chen and Chien, 1999; Dominguez et al., 1998), indicating EGFR
activity needs to be precisely regulated to achieve its speciﬁc
functions during eye development.
Fig. 1. Schemes of cell fate determination in developing Drosophila eye discs.
(A) Diagram of Drosophila late 3rd-instar eye disc. A whole eye disc is on the left
side and the enlarged gene expression patterns are on the right side. Ato is initially
expressed in most cells just anterior to the MF and is progressively restricted to the
intermediate groups and eventually to the single R8 cells in the MF and several
rows posterior to the MF. rho expression starts in intermediate groups very weakly
and its expression is upregulated and restricted to the R8 precursors and R8 cells.
Later, relative weak expression of rho is observed in R2/R5 cells. Sens is expressed
in R8 and R8 precursors. Ro is broadly expressed in the cells surrounding R8 pre-
cursors in the MF, and then restricted to R2/R5. Pnt, the EGFR nuclear effector, is
highly expressed posterior to the MF but decreased in the more posterior area,
which is shown at the bottom of the eye disc. (B) A diagram of gene networks
regulating R8 and non R8 photoreceptor speciﬁcation. R8 has high levels of Ato,
which positively regulates Sens and the Notch ligand Dl. Sens inhibits Pnt functions
in R8 to decrease Pnt targets including Ro. Dl in R8 binds Notch receptor in non R8
to activate Notch signaling and upregulate E(spl). E(spl) proteins suppress R8
markers including Ato and Sens by interacting with Gro. rho cleaves Spitz to acti-
vate EGFR signaling in R8 cells and surrounding non-R8 cells. EGFR signaling up-
regulates Ro expression in non R8 cells through Pnt. The regulation of rho is the
subject of this study. Previous results suggest that Ato positively regulates rho, but
the molecular mechanisms of rho transcriptional regulation have been largely
unknown.
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pression of positive regulators and negative feedback regulators
(Shilo, 2005). Most of the components in the Drosophila EGFR
pathway, including ligand (Spitz), receptor (EGFR), and in-
tracellular components (Ras, Raf, MAPK, etc.), are expressed
broadly. The temporal and spatial speciﬁc activation of EGFR sig-
naling depend on the restricted expression of rhomboid family of
membrane serine proteases (Freeman et al., 1992; Lee et al., 2001;
Urban et al., 2001), which are required to process and activate
Spitz in the presence of the membrane chaperone Star. In eye
discs, rho and another Rhomboid family protein Roughoid (Ru)
function redundantly. Inactivation of both Ru and rho showed
phenotypes similar to complete loss of EGFR signaling (Wasser-
man et al., 2000).
rho is expressed dynamically during development and has
important roles in regulating EGFR activities in different organs at
different development stages. During Drosophila eye development,rho expression is ﬁrst detected in the developing R8 precursors
(Freeman et al., 1992; Spencer et al., 1998) (Fig. 1A). The Spitz
molecules released from R8 precursors activate EGFR signaling in
surrounding cells and induce them to differentiate into R2, R5, R3,
R4 and later R1, R6 and R7 (Roignant and Treisman, 2009) (Fig. 1B).
Similar to photoreceptor differentiation in eye discs, development
of the adult femoral chordotonal organ and the embryonic chor-
dotonal stretch receptor also involve the initial selection of the
“primary” sense organ precursor (SOP) by lateral inhibition in-
volving Notch signaling. Furthermore, these “primary” SOPs also
express rho and release EGFR ligand, which is required for the
activation of EGFR signaling in adjacent ectodermal cells and the
recruitment of additional chordotonal SOPs (Lage et al., 1997;
Okabe and Okano, 1997; zur Lage and Jarman, 1999). However,
little is known of the mechanism by which the initial selection of
neuronal precursors is linked with their expression of rho (Fig. 1B).
While there are some studies implicating the involvement of Ato
and Daughterless (Da) in rho expression in eye discs (Baonza et al.,
2001; Chen and Chien, 1999; Spencer et al., 1998) and in the
chordotonal organ of the leg discs (zur Lage and Jarman, 1999), the
expression pattern of rho and ato are only partially overlapped.
Since EGFR signaling is critical for photoreceptor recruitment and
differentiation, elucidating the mechanisms by which rho expres-
sion is controlled can potentially provide novel insights into the
coordinated process of photoreceptor determination and
recruitment.
In the current study, we show that Gro is required for the re-
pression of rho in the developing eye discs and that loss of Gro
causes neuronal differentiation defects as a consequence of both
deregulated EGFR signaling and loss of Notch-mediated lateral
inhibition. We show that the E(spl) proteins recruit Gro to the ato
and rho regulatory regions to mediate repression of both ato and
rho in non-R8 cells within and posterior to MF. These results
provide novel insights into the mechanisms that coordinate R8
speciﬁcation with the restriction of rho expression to allow precise
regulation of EGFR activities.2. Results
2.1. Gro inactivation induces neurogenic phenotypes but inhibits Ato
expression and delays R8 determination
Gro is a transcriptional co-repressor and performs its functions
through interacting with a number of transcription factors in-
cluding E(spl) proteins (Turki-Judeh and Courey, 2012). Consistent
with the functions of E(spl) proteins in lateral inhibition, a pre-
vious study showed that loss of Gro led to neurogenic phenotypes
in Drosophila eye discs (Chanut et al., 2000). However, the exact
function of Gro in eye development is not well characterized.
We analyzed the developmental defects caused by loss of Gro
with several markers labeling different cell types. Similar to the
previous report, most of the gro mutant or RNAi cells posterior to
MF expressed ELAV, the pan-neural marker (Figs. 2A and S1A). The
neurogenic phenotypes of Su(H) or E(spl) mutant cells are caused
by loss of Notch signaling-mediated lateral inhibition, which leads
to ectopic Ato expression and extra R8 speciﬁcation as shown by
the R8 marker Senseless (Sens) (Li and Baker, 2001). Unexpectedly,
inactivation of Gro inhibited Ato upregulation within and anterior
to the MF (Fig. 2D) and delayed the initiation of R8 differentiation
as shown by decreased expression of R8-speciﬁc markers, Boss
and Sens, close to the MF (Fig. 2B, C–C′, yellow arrows). Increased
R8 differentiation was observed only in more posterior eye disc
regions as shown by the large clusters of Boss-expressing cells
(Fig. 2B, white arrow) and the extensive Sens-positive cells
(Fig. 2C–C′, white arrow). These data show that Gro inactivation
Fig. 2. Gro inactivation causes photoreceptor differentiation defects in eye discs. The orientation of eye discs in all images is dorsal up and posterior to right (same in other
ﬁgures). (A–D) Mutant mosaic clones are marked by absence of GFP. (E) overexpression clones are marked with GFP. Yellow arrows point to mutant clones in the MF. Most of
the gro mutant cells posterior to the MF have ELAV expression (A). gro mutant cells close to the MF lack Boss (R8 marker), while some gro mutant cells away from the MF
(white arrow) have extra Boss signal (B). gro mutant cells close to the MF have extra Ro expression (R2/R5 marker) and a lack of Sens (marker of R8 precursor and R8)
expression, while some gro mutant cells away from the MF have extra Sens expression (C–C″). Ato expression is downregulated in gro mutant clones (D). Ectopic EGFR
activity induced by rho overexpression reduces Ato levels (E).
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differentiated at later stages.
To characterize the neuronal cell types that were differentiated
in gro mutant clones, we further examined the expression of
Rough (Ro), which is mainly found in R2/R5 cells and is upregu-
lated in response to EGFR signaling activity. Signiﬁcantly increased
Ro-positive cells were observed in Gro-inactivated cells close to
MF (Figs. 2C, C″ and S1B). These results show that Gro inactivation
delays R8 differentiation but promotes R2/5 photoreceptor neuron
differentiation.
2.2. Blocking EGFR signaling in Gro-inactivated cells induces lateral
inhibition defects
Since Sens expression is directly regulated by proneural factor
Ato (Pepple et al., 2008), and since EGFR signaling activity upre-
gulates Ro and downregulates Ato (Dokucu et al., 1996; Dom-
inguez et al., 1998) (also see Fig. 1B), the observed effects of Gro
inactivation on Ato and Ro suggest Gro may affect EGFR signaling.
Indeed, ectopic EGFR activity induced by rho expression also
blocked Ato upregulation within and anterior to the MF (Fig. 2E).
To determine whether the neurogenic defects of Gro-in-
activated cells are potentially mediated by a combination of up-
regulated EGFR signaling and loss of Notch-mediated lateral in-
hibition, we tested the effect of blocking EGFR signaling on Ato
expression and R8 differentiation. Indeed, blocking EGFR signaling
by inactivation of Pointed (Pnt), the nuclear effector of the EGFR
pathway, led to inhibited Ro expression and increased R8 differ-
entiation (shown by Sens) in the gro pnt double inactivated cells
(Figs. 3A–A″ and S1C). Similarly, blocking EGFR signaling by Pnt
inactivation led to increased Ato protein in the MF (Fig. 3B). Wefurther tested whether Gro inhibited ato expression at the tran-
scriptional level by using an ato5′-lacz reporter, which contains
enhancers regulating ato expression in the intermediate groups
and individual R8 precursors (Sun et al., 1998). Inactivation of Gro
by RNAi inhibited ato5′-lacz reporter expression (Fig. 3C), while
ato5′-lacZ reporter was upregulated in the gro pnt double in-
activated cells (Fig. 3D).
These results suggest that loss of Gro causes both increased
EGFR signaling as well as lateral inhibition defects and that
blocking EGFR signaling allows the typical lateral inhibition de-
fects to be observed.
2.3. Loss of Gro upregulates EGFR activity by deregulating rho
expression
To directly characterize whether Gro inactivation affects EGFR
activity, we used two readouts to examine EGFR signaling activity:
the phosphorylated ERK (pERK) and enhancer trap expression of
the EGFR target gene argos (aos-lacz). In WT cells, relatively high
levels of pERK were detected in distinct clusters of the “inter-
mediate groups” in the MF (Fig. 4A, white arrow). Interestingly, in
gro mutant clones, expanded and higher levels of pERK were de-
tected near the MF (Fig. 4A, yellow arrow). Argos is a target as well
as a negative feedback regulator of EGFR signaling expressed in the
posterior eye disc where EGFR activity is high. Precocious aos-lacz
expression was detected in gro mutant cells near the MF (Fig. 4B,
compare yellow and white arrows) and increased aos-lacz ex-
pression was detected in gro mutant cells posterior to the MF.
Taken together, these results show that loss of Gro leads to in-
creased EGFR signaling activity.
Since rho is a rate-limiting component of the EGFR pathway
Fig. 3. Repression of EGFR activity restores R8 cell fate in gro mutant cells in the MF. (A–B) Mutant mosaic clones are marked by the absence of GFP. (C–D) RNAi clones are
marked with GFP. Yellow arrows point to mutant cells close to the MF. gro pntmutant cells lack Ro and have extra Sens expression (A–A″). Ato is expressed in most of the gro
pnt mutant cells (B). ato5′-lacz is suppressed by gro-RNAi (C). ato5′-lacz is expressed strongly in gro- pnt- RNAi clones (D).
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in gro mutant cells. rho expression starts in the R8 precursors in
the MF and is later restricted mainly to the developing R8 and
weakly to the R2 and R5 photoreceptor cells posterior to the MF
(Freeman et al., 1992; Spencer et al., 1998). Interestingly, pre-
cocious rho protein expression in the more anterior region and
increased rho protein levels within and posterior to the MF were
detected in gromutant clones (Fig. 4C). The X-81 rho-lacz enhancer
trap can be used to detect rho expression (Freeman et al., 1992).
Low levels of precocious rho expression in the more anterior re-
gion and deregulated rho expression in and posterior to the MF
were observed in gromutant or gro-RNAi cells (Figs. 4D–E and 5A).
Furthermore, the deregulated induction of rho expression by loss
of Gro is not limited to the eye discs. rho-lacz expression was also
detected in the developing chordotonal SOP region of leg discs
(Fig. S2A, yellow arrow), and gro-RNAi signiﬁcantly expanded this
rho-lacz positive region (Fig. S2B, yellow arrow). These results
show that Gro is required for the repression of rho expression in
multiple developing tissues.
To determine whether increased rho expression contributes to
increased EGFR signaling in Gro-inactivated cells, we tested the
effect of knocking down rho in conjunction with gro. Similar to gro
mutation, gro-RNAi induced ectopic EGFR activity as shown by
increased aos-lacz both in the MF and posterior to the MF (Fig. 5B).
While rho-RNAi itself did not cause obvious changes to aos-lacz
expression, rho-RNAi signiﬁcantly decreased the ectopic aos-lacz
expression induced by gro-RNAi (Fig. 5C–D). Taken together, these
data suggest that the increased EGFR activity in Gro inactivated
cells largely depends on rho expression.2.4. E(spl) and Gro are required for the repression of rho within and
posterior to the MF in eye discs
Drosophila E(spl) proteins belong to the HES family of tran-
scription factors, which have a C-terminal WRPW motif that in-
teracts with Gro (Turki-Judeh and Courey, 2012). The E(spl) pro-
teins are induced by Notch signaling through the transcription
factor Su(H) and mediate Notch signaling-induced lateral inhibi-
tion to restrict Ato expression to R8 precursors during photo-
receptor differentiation (Li and Baker, 2001; Pepple et al., 2008;
Voas and Rebay, 2004) (Fig. 1B). Since rho expression starts in the
R8 precursor in the MF and is restricted mainly to the developing
R8 neurons behind the MF (Freeman et al., 1992; Spencer et al.,
1998) (Fig. 1 A), it is possible that the E(spl)/Gro repressor complex
may mediate the repression of both ato and rho to coordinate the
restriction of R8 differentiation with the expression of rho in the
developing R8 neurons.
To investigate whether E(spl) may recruit Gro to coordinate the
repression of ato and rho, we determined the binding of Gro to the
ato and rho regulatory regions in WT and E(spl) mutant eye discs
by Chromatin Immunoprecipitation (ChIP). ModENCODE data
show that Gro binds to both the promoter and 5′ distal regions of
ato gene (Fig. 6A) (Negre et al., 2011). We designed oligos to detect
Gro binding to the ato 5′ enhancer and promoter region (ato-1 and
ato-2). As expected, signiﬁcant binding of Gro to ato-1 and ato-2
regions were observed in WT eye discs as determined by ChIP
(Fig. 6B). We generated eye discs that contained mostly the E(spl)
mutant cells by inducing E(spl) mutant clones (all seven linked E
(spl) genes are deleted in this E(spl) mutant allele) in a Minute
background to determine the effect of removing E(spl) proteins on
Fig. 4. Loss of Gro induces ectopic EGFR activity and rho expression. (A–B) Mutant mosaic clones are marked by the absence of GFP. (C–E) MARCM clones are marked with
GFP. Yellow arrows point to mutant clones and white arrows point to WT cells. dpERK is upregulated in gro mutant clones in the MF (A). aos-lacz expression is increased in
gro mutant clones posterior to the MF and ectopically expressed in clones in the MF (B). Comparing to the WT cells, loss of Gro induces both anterior and posterior ectopic
rho protein levels (C). Transcription of rho is indicated by expression of rho-lacz. rho-lacz is expressed in R8 precursors in the MF and R8, R2 and R5 photoreceptor cells
posterior to MF in WT cells, and gro mutation induces both anterior and posterior ectopic rho-lacz expression (D). In the bottom layers of the disc, the ectopic rho-lacz
expression induced by gro mutation anterior to the MF is more obvious (E).
Fig. 5. Ectopic EGFR activity induced by loss of Gro is rho dependent. (A–D) RNAi clones are marked with GFP. Yellow arrows point to mutant or RNAi clones and white
arrows point to WT cells. Similar to gro mutation, gro-RNAi also induces ectopic rho-lacz and aos-lacz expression around the MF (A–B). rho-RNAi does not change aos-lacz
expression (C). gro- rho-RNAi cells do not show ectopic aos-lacz expression in the MF (D).
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Fig. 6. Gro binding to the regulatory regions of ato and rho genes depends on E(spl) in eye discs. (A, C) diagrams of ChIP-chip or ChIP-seq on the ato or rho gene from
modENCODE, and the regions for ChIP are marked with green lines. Gro ChIP analysis indicates signiﬁcant binding of Gro to the regulatory regions of ato (ato-1, ato-2) and
rho (rho-1, rho-2, rho-3) in comparison to a negative control region (NC) in cells from WT eye discs. However the Gro binding activities on these regions are much weaker in
the cells from E(spl) mutant eye discs (B and D).
Fig. 7. Some Su(H) or E(spl) mutant cells are rho-lacz positive and Sens negative. (A–F) MARCM clones are marked with GFP (GFP is colored blue in C and F). Su(H) or E(spl)
mutation induces posterior ectopic rho-lacz expression (A, D) and ectopic Sens expression (B, E). Some cells in E(spl) or Su(H) mutant clones have ectopic rho-lacz expression
but no Sens expression (C, F, indicated by yellow arrows).
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binding of Gro to the ato regulatory regions was signiﬁcantly de-
creased in eye discs comprised mostly of E(spl)mutant cells. These
results indicate that E(spl) proteins recruit Gro to the ato reg-
ulatory regions.
We used the same approach to determine the effect of re-
moving E(spl) on the binding of Gro to the rho regulatory regions.
We designed oligos to detect Gro binding to three Gro positive
regions upstream of the rho gene (rho-1, rho-2, and rho-3) and one
negative Gro binding region (NC) based on the ModENCODE data
(Fig. 6C) (Negre et al., 2011). Consistent with the ModENCODE
data, signiﬁcant binding of Gro to regions rho-1, rho-2, and rho-3
were observed in WT eye discs while little binding of Gro was
observed to the NC region (Fig. 6D). In contrast, in eye discs that
contain mostly the E(spl) mutant cells, Gro binding to the rho-1,
rho-2, and rho-3 regions was signiﬁcantly decreased (Fig. 6D).
These results indicate that E(spl) proteins are required for the
recruitment of Gro to the rho regulatory regions. Taken together,
all these data support the notion that the Gro/E(spl) complex di-
rectly represses rho and ato expression.Fig. 8. rho expression regulated by Ato, Da, and Gro in eye discs. (A–E) RNAi clones are m
ato- gro- RNAi clones have high levels of ectopic rho-lacz expression(B). ato gro mutant
suppresses rho-lacz expression (D). da- gro- double RNAi still suppresses rho-lacz expres
(F). The diagram is based on Fig. 1B and incorporates the results of this study about Gro/ETo further determine whether E(spl) proteins regulate rho ex-
pression, we examined rho-lacz expression in Su(H) or E(spl) mu-
tant clones. Most of the cells in the Su(H) or E(spl) mutant clones
had deregulated rho-lacz expression within and posterior to the
MF (Fig. 7A and D). Consistent with previous studies, loss of Su(H)
or E(spl) also induced ectopic Sens-positive R8 precursors or
neurons (Fig. 7B and E). Double staining of rho-lacZ and Sens re-
vealed the presence of rho-lacz positive but Sens-negative cells in
both the Su(H) and the E(spl) mutant clones (yellow arrows in
Fig. 7C and F). Therefore, E(spl) proteins can regulate rho expres-
sion independently of their regulation of R8 cell fate. These results
suggest that E(spl) proteins coordinately repress rho and ato ex-
pression within and posterior to the MF by recruiting Gro.
It should be pointed out that in contrast to Gro-inactivation,
precocious rho-lacz expression in the more anterior region was not
observed in Su(H) or E(spl) mutant clones (Fig. 7A and D, compare
with Fig. 4D–E). The difference between gro and E(spl) in inducing
precocious rho expression is likely due to the presence of addi-
tional factors that function to recruit Gro to repress rho in the
anterior regions.arked with GFP in all images. ato-RNAi efﬁciently suppresses rho-lacz expression (A).
clones also have high levels of ectopic rho-lacz expression (C). da-RNAi efﬁciently
sion (E). Model of Gro in regulating ato and rho transcription in R8 and non-R8 cells
(spl) repress both rho and ato and Da is essential for rho expression (shown in red).
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developing eye discs
To further investigate the transcriptional mechanisms of rho in
eye discs, we analyzed the relationships between Gro and poten-
tial transcriptional activators. Previous studies showed that the
bHLH transcription factor Ato, which forms a heterodimer with
another bHLH transcription factor Da, is essential for EGFR acti-
vation when the MF initiated in early L3 eye discs (Baonza et al.,
2001; Chen and Chien, 1999; Jarman et al., 1993). In addition, ec-
topic expression of Ato using sevenless-Gal4 induces ectopic rho
expression (Baonza et al., 2001). Recent studies suggest that Da
may also form homodimers to activate transcription (Bhattacharya
and Baker, 2011; Tanaka-Matakatsu et al., 2014). The ChIP-chip
data from ﬂybase show that Da binds to several sites upstream of
rho gene (Fig. S3). These observations suggest that Da-containing
complexes such as Ato/Da or Da/Da may regulate rho transcription
directly. Here, we studied the relationships between Ato, Da and
Gro on rho expression using mutations and RNAi knockdown.
Consistent with the published results showing that Ato posi-
tively regulates rho, ato-RNAi strongly inhibited rho-lacz expres-
sion (Fig. 8A). However, high levels of rho-lacz expression was still
detected in ato- gro- RNAi or gro ato mutant clones (Fig. 8B and C).
Therefore Ato is required for rho expression in WT cells but is
dispensable when Gro is inactivated. These results are consistent
with the observation that ato expression was inhibited in gro
mutant clones (Fig. 2D) and support the model that Gro represses
rho directly.
In contrast to the effect of inactivating Ato, da-RNAi efﬁciently
suppressed rho-lacz expression in both WT and gro-RNAi cells
(Fig. 8D and E). Therefore Da is necessary for activation of rho
expression even in the absence of Gro. It is possible that Da
homodimer or heterodimers with other bHLH proteins can also
regulate rho transcription.3. Discussion
In this study, we show that Gro plays critical roles in repressing
rho expression in eye discs and that E(spl) proteins are required to
recruit Gro to both the ato and the rho regulatory regions to
mediate their transcriptional repression in developing photo-
receptor cells. Besides the mechanisms of rho transcriptional reg-
ulation, our studies provide novel insights into how the regulation
of R8 selection is coordinated with the restriction of rho expres-
sion during eye development. This mechanism is likely also re-
levant to other settings where Notch signaling is used to select the
initial founder cells and localized EGFR signaling is used for sub-
sequent stepwise recruitment. Furthermore this study reveals that
the neuronal differentiation defects observed in gro mutant clones
are mediated by a combination of a loss of Notch-mediated lateral
inhibition and the precocious activation of EGFR signaling.
3.1. E(spl)/Gro coordinates selection of the initial neuron and the
restriction of rho expression to the selected neurons for stepwise
recruitment
Photoreceptor differentiation in eye disc is initiated with the
selection of R8 precursors by lateral inhibition via Notch signaling
followed by stepwise recruitment of additional neurons by EGFR
signaling. Proper stepwise recruitment requires localized EGFR
signaling achieved by restricting rho expression to the initially
selected neurons to activate EGFR signaling in the surrounding
cells. Our results suggest that the E(spl) and Gro proteins are di-
rectly involved in restricting rho expression to the initially selected
R8 precursors.E(spl) proteins have WRPW motifs that can interact with Gro
(Paroush et al., 1994; Turki-Judeh and Courey, 2012). The expres-
sion of E(spl) genes are regulated by the Notch signaling pathway
and require the transcription factor Su(H) (Jennings et al., 1994; Li
and Baker, 2001). Our results show that E(spl) proteins, which are
highly expressed in non-R8 cells by Notch signaling, are also di-
rectly involved in the recruitment of Gro to the rho regulatory
region to repress rho expression in non-R8 cells (Fig. 8F, non R8).
This is supported by the observation that gro, E(spl) or Su(H)
mutant clones show deregulated rho expression in posterior eye
discs independently of R8 determination and that loss of E(spl)
blocks recruitment of Gro protein to the rho regulatory region. The
model that E(spl) proteins recruit Gro to repress rho expression
during photoreceptor differentiation is consistent with the fact
that most non-R8 cells posterior to the MF show little rho ex-
pression. Furthermore, EGFR activity in non-R8 cells can repress
Ato expression through Pnt (Fig. 8F, non-R8). The low level of rho
expression in R2 and R5 cells has two possible explanations:
(1) high EGFR signaling in the R2-5 cells negatively regulates the
repression by Gro (Hasson et al., 2005; Helman et al., 2011); or
(2) speciﬁc factors in R2/R5 may contribute to the activation of rho
expression (Freeman et al., 1992). In R8 cells of WT eye discs, the
lack of E(spl) to recruit Gro contributes to the high rho expression
(Fig. 8F, R8). Consistent with this, most of the cells in E(spl) or Su
(H) mutant clones also have high level rho expression. In addition,
high levels of Sens in R8 cells inhibits Pnt, and Ato can positively
regulate rho expression (Fig. 8F, R8).
It is of interest to note that the development of the adult fe-
moral chordotonal organ and the embryonic chordotonal stretch
receptor also involve the initial selection of “primary” SOPs by
lateral inhibition and the recruitment of additional neurons by
these SOPs through the release of EGFR ligands (Lage et al., 1997;
Okabe and Okano, 1997; zur Lage and Jarman, 1999). Therefore it is
tempting to speculate that the E(spl)/Gro complex is also involved
in coordinating the selection of the primary SOPs with the re-
striction of rho expression in these cells in chordotonal organ
development. Consistent with this idea, we found that inactivation
of Gro alone signiﬁcantly increased the area of rho expression in
femoral chordotonal organs in leg discs. These observations sug-
gest that E(spl)/Gro may coordinate the selection of initial neu-
ronal precursors with the restriction of rho expression in the se-
lected cells in multiple organs.
3.2. Inactivation of Gro induces precocious rho expression before
photoreceptor differentiation
Although loss of E(spl) or Su(H) showed an effect similar to Gro
inactivation in inducing strong ectopic rho expression within and
posterior to the MF, E(spl) or Su(H) inactivation did not induce
obvious precocious rho expression anterior to the MF (Fig. 7A and
D), which is distinct from Gro inactivation (Fig. 4D–E). Interest-
ingly, the effects of gro, E(spl), or Su(H) mutations on differentia-
tion are also different: while most E(spl) or Su(H) mutant cells
differentiate into R8 with high levels of Ato and Sens, gro mutant
cells close to the MF exhibit properties of R2/R5 with high level of
Ro and low levels of Ato and Sens. On the other hand, inhibiting
EGFR signaling allows high levels of Ato and Sens in gro pnt double
mutant cells, which is similar to E(spl) or Su(H) mutant cells. All
these data suggest that the precocious rho expression before dif-
ferentiation initiation in gro mutant cells contributes to the ob-
served effects of Gro on photoreceptor differentiation.
Gro is a corepressor protein that can interact with a number of
transcription factors. It is likely that other factors are involved in
Gro′s repression of rho in the anterior MF region. Hairy is also a
HES protein with a WRPW motif that can interact with Gro, and is
speciﬁcally expressed anterior to the MF. While loss of Hairy does
T. Zhang, W. Du / Developmental Biology 407 (2015) 246–255254not cause eye development defects, overexpression of Hairy causes
neural differentiation defects (Brown et al., 1991). It is possible
that Hairy functions redundantly with other proteins. In addition
to Hairy, Su(H), which can also form complex with Gro (Barolo
et al., 2002), is also expressed in the MF. Therefore Hairy and Su
(H) may recruit Gro to repress rho expression in the anterior MF
eye disc regions.
Another interesting phenotype is that Gro inactivation inhibits
R8 initiation only in the areas close to the MF and signiﬁcant
numbers of gro mutant cells away from the MF have extra Sens
and have lost Ro (Fig. 2C). This is potentially due to the sig-
niﬁcantly decreased expression of the Pnt protein in the more
posterior regions of the eye discs (Boisclair Lachance et al., 2014)
(Fig. 1 A). Because of the mutual inhibition between Senseless and
Ro (Pepple et al., 2008) (Fig. 1B), the absence of lateral inhibition to
shut off Sens expression in conjunction with the reduced levels of
Pnt may lead to decreased levels of Ro and accumulation of Sens in
posterior eye discs.
3.3. The activation of rho expression in developing eyes
Ato/Da was implicated in rho expression in eye discs (Baonza
et al., 2001; Chen and Chien, 1999). Interestingly, our results show
that Ato is necessary for rho transcription in WT cells but dis-
pensable for rho expression in gro-RNAi or gro mutant cells in eye
discs. In contrast to the effects of Ato, we found Da to be necessary
for rho transcription in both WT and gro-RNAi cells, suggesting
that Da contributes to the activation of rho expression without Ato.
This is consistent with the recent discoveries that Da homodimers
may have important functions (Bhattacharya and Baker, 2011;
Tanaka-Matakatsu et al., 2014). Alternatively Da may form het-
erodimers with other bHLH proteins that function redundantly
with Ato/Da to activate rho (Fig. 8F).4. Materials and methods
4.1. Drosophila stocks and genetics
Fly stocks used in this study include: groC105 (BL 2124), groMB36
(Jennings et al., 2008), Su(H)Δ47 (BL 51295), E(spl) (BL 52011),
pntΔ88 (BL 861), ato1 (BL 25779), gro RNAi (BL 35759), pnt RNAi (BL
31936), ato RNAi (BL 35017), da RNAi (BL 26319), aos-lacz (BL 2513),
rho-lacz (Freeman et al., 1992), UAS-rho (Freeman lab).
Main genetic technologies used in this study include: UAS/Gal4
and Flp-out system to induce ectopic expression of protein or RNAi
in clones (Brand and Perrimon, 1993; Ni et al., 2008; Pignoni and
Zipursky, 1997); FLP/FRT to generate regular loss of function mosaic
clones (Xu and Rubin, 1993); MARCM to generate mosaic clones
with both mutation and ectopic expression (Lee and Luo, 2001).
Drosophila genotypes used in each ﬁgures are listed in the sup-
plemental materials.
hsFLP induced regular mosaic or MARCM clones were gener-
ated by heat shocking 24–48 h after egg deposition (AED) larvae at
38 °C for 1 h. hsFLP induced Flp-out clones using Act4CD24Gal4
were generated by heat shocking 24–48 AED larvae at 34 °C for
20 min to 1 h, depending on the clone sizes of each genotype. The
imaginal discs were dissected from larvae three days after heat
shock. All ﬂies for the experiments were kept at 25 °C.
4.2. Immunostaining
Immunostaining and imaging were performed with the pro-
tocols as described in our previous studies (Gordon et al., 2013;
Zhang et al., 2014). Primary antibodies used in this study include:
mouse anti-β-Galactosidase (1:100, DSHB), mouse anti-Ro (1:100,DSHB), rabbit anti-Ato (Jarman et al., 1993), Guinea pig anti-Sen-
seless (Nolo et al., 2000), rabbit anti-dpERK (1:200, cell signaling),
rabbit anti-rho (1:500) (Sturtevant et al., 1996). Secondary anti-
bodies are from Jackson ImmunoResearch (1:200–1:400).
4.3. Chromatin Immunoprecipitation (ChIP)
Eye discs of 3rd instar larvae were dissected in ice-cold PBS.
Samples were double ﬁxed with 1.5 mM DSP for 40 min and 1.8%
formaldehyde for 15 min (Martinez and Arnosti, 2008). After
double ﬁxation, following steps are the same as the protocol de-
scribed previously (Austin et al., 1999), except that SDS was
omitted from the solutions. Sixty pairs of eye discs and 20 ul Gro
antibody (concentrated, from Hybridoma Bank) were used for
each ChIP assay. Real time RT-PCR (qPCR) was determined using
the Thermo Scientiﬁc™ DyNAmo™ SYBR™ Green qPCR Kit on an
Opticon 2 Real-time PCR detector (BioRad). qPCR with each pair of
primers was done in triplicate. The efﬁciency of Gro binding was
shown by the ratio of ChIP DNA and input DNA content de-
termined by qPCR. Primers include: rho-Gchip-1-F, 5′-AA-
GAACGCGAGTCAGCATTT-3′; rho-Gchip-1-R, 5′-CGTCCTCTGT
CCTCCATTTC-3′; rho-Gchip-2-F, 5′-CTGGTCATGGGCATGTAGTG-3′;
rho-Gchip-2-R, 5′-TTCAGAGTCCTCGTCCTCGT-3′; rho-Gchip-3-F, 5′-
CAGTGAATAACCAGCGACGA-3′; rho-Gchip-3-R, 5′-GCACATCCGGA
TCTTGTCTT-3′; rho-Gchip-NC-F, 5′-TTCAACGGTGCATGAATGAT-3′;
rho-Gchip-NC-R, 5′-ACTAGTCCGAGCGATTGCAG-3′; ato5′-1-F, 5′-
TGTGCCCAAAGGAATAATCA-3′; ato5′-1-R, 5′-TCAAGGGTTGGA-
CAAACAAA-3′; ato5′-2-F, 5′-GAGGGCTAAGGTGAAGGTCA-3′; ato5′-
2-R, 5′-CAATTGATACGCTTGTTGCC-3′.Author contributions
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